Feedback is said to exist in any amplifier when the fraction of output power in fed back as an input. Similarly, in gaseous discharge ions that incident on the cathode act as a natural feedback element to stabilize and self sustain the discharge. The present investigation is intended to emphasize the feedback nature of ions that emits secondary electrons (SEs) from the cathode surface in DC gas discharges. The average number of SEs emitted per incident ion and non ionic species (energetic neutrals, metastables and photons) which results from ion is defined as effective secondary electron emission coefficient (ESEEC, E g ). In this study, we derive an analytic expression that corroborates the relation between E g and power influx by ion to the cathode based on the feedback theory of an amplifier. In addition, experimentally, we confirmed the typical positive feedback nature of SEE from the cathode in argon DC glow discharges. The experiment is done for three different cathode material of same dimension (tungsten (W), copper (Cu) and brass) under identical discharge conditions (pressure: 0.45 mbar, cathode bias: −600 V, discharge gab: 15 cm and operating gas: argon). Further, we found that the E g value of these cathode material controls the amount of feedback power given by ions. The difference in feedback leads different final output i.e the power carried by ion at cathode (P i C ¢ | ). The experimentally obtained value of P i C ¢ | is 4.28 W, 6.87 W and 9.26 W respectively for W, Cu and brass. In addition, the present investigation reveals that the amount of feedback power in a DC gas discharges not only affect the fraction of power fed back to the cathode but also the entire characteristics of the discharge.
Introduction
The impact of energetic particles on the material surface is always associated with secondary electron emission (SEE) from it. This phenomenon is the basis for many essential technical applications such as scanning electron/ion microscopy [1] , plasma sputtering [2] , plasma thrusters [3] and plasma display panel [4] etc. The average number of secondary electrons (SEs) emitted when an ion strikes the surface is called an ion-induced secondary electron emission coefficient (SEEC, i g ). However, in discharge conditions non-ionic active cathode-directed species such as photons, excited atoms or molecules, energetic neutrals etc. that result from ion, also induce ejection of secondary electrons altogether from cathode surface. Accounting the contribution of all nonionic species to SEE, the quantity i g can be redefined as effective secondary electron emission coefficient (ESEEC, E g ) [5] , which is the effective average number of electrons emitted by a single ion. The role of SEE in gas discharges is known since the pioneering work of Hobbs and Wesson [6] . SEE from the cathode surface is essentially required to self sustain the DC gas discharges.
In a feedback electrical amplifier, a finite fraction of output is given back to input as feedback. This feedback generally used to reduce or increase the impedance, limit catastrophic growth of input to get a stabilized output etc. [7, 8] . Similarly, in a DC gaseous discharge, ion incident on the cathode surface acts as a natural feedback element. These ions feedback a fraction of its power as an input for SEE from the cathode. Further, the role of SE is not only limited to give self sustainability to the discharge but also determines the degree of insulation to the material surface exposed to plasma [9] , it provides necessary energy for a variety of bizarre non-linear oscillations happening in plasma [10] . In addition, the value of E g determines the plasma properties, performance, energy consumption, efficiency and durability of many plasma-based devices including fusion reactors [5] . The relation between E g of cathode and discharge current at breakdown in a gas discharge is given by Townsend's self sustain discharge condition. However, using that one cannot immediately realize the importance of the feedback nature of SEs emitted from the cathode and how the discharge power is distributed to various species that comprise the discharge [5] .
In the present investigation, we examine the feedback nature of ion incident on the cathode through an analytic expression that is derived from the feedback theory of an electrical amplifier. Further, experimentally, we confirmed the positive feedback nature of SEE from the cathode and measured the amount of feedback power by ions in argon DC glow discharge. The experiment is done for three different cathodes of almost same dimension (tungsten (W), copper (Cu) and brass) under identical operating conditions (pressure: 0.45 mbar, cathode bias: −600 V, discharge gap: 15 cm and operating gas: argon) to find the effect of feedback on the power dumped by ions on the cathode and discharge characteristics. In addition, we also studied the cathode material properties, which determines the feedback fraction for gas discharges.
Theory
Feedback is said to exist, in any electrical amplifier circuit when the fraction of output power is fed back to the input. Generally, the feedback is given to avoid any adverse effect on the performance of the amplifier and it control the overall characteristics of it [7] . Similarly, in gaseous discharge, ions that are incident on the cathode surface feedback fraction of its power in emitting SEs and some part of it to give initial kinetic power to SEs and the major portion of power goes to heat the cathode. These emitted SEs from cathode control all the discharge characteristics [5] . Therefore, it is possible to get an analytic expression which relates the amount of power dumped on the cathode by ion and E g of cathode material in a DC gas discharge by modeling the elementary processes happening in an electrical feedback amplifier. Based on the presence and absence of SEE from cathode, the gas discharges process can be modeled as open loop (OP) and close loop (CL) amplifier. If 0 E g = then the discharge is of OL type (without feedback) and if 0 E g ¹ then the discharge can be categorized as CL type (with feedback) and these are discussed in detail in the following subsection.
2.1. Gas discharge without feedback (γ E ¼ 0)
Consider the case, in a gas discharge where there are no SEs emitted from the cathode due to ions and assume initially there are only I 0 primary electrons (PEs) which are being emitted from the cathode due to photoelectric effect with the average power of P 0 . Under this condition, if the applied electric field is strong enough, these PEs subsequently are accelerated to ionize the background gas uniformly through the Townsend's breakdown mechanism. Each PE leaving the cathode generates
) ions after crossing d distance. Therefore, the total ion current at the cathode due to all PEs is
Here, d is the discharge gab length. Multiplying the above equation by applied voltage across the electrode, we get
Here, P i C | is the power gained by ion at the cathode. This process is schematically represented in the figure 1. Defining the ion power multiplication factor as
and rearranging the equation (2) we get
Here, A denotes the ratio of power carried by ion at cathode to the power of initial PEs in the absence of SE emission from the cathode which can be called an open loop ion power gain (OLIPG) in gas discharge. Here, the quantity P i C | denotes only the component of power corresponding to ions at the cathode. Equation (3) is similar to the expression for gain of an open loop amplifier.
To experimentally obtain the value of P i C | from the temperature profile without feedback requires special arrangements and setup in the dark discharge regimes. In addition to this, in dark discharge regimes the discharge current (10 −9 A to 10 −6 A ) [11] and power influx at the cathode will be very small and saturation temperature of cathode material is expected to be less significant than the ambient temperature. Therefore, this measurement is beyond the scope of the present investigation.
Gas discharge with feedback
In a DC gaseous discharges, the power gained by an ion in the cathode sheath electric field is not simply wasted in heating the cathode [12] . If the incident ion energy is sufficient enough, it causes SEE from the cathode surface [12, 13] . Under fully developed and self sustained glow and abnormal discharge conditions, these emitted SEs further accelerate and gain energy from cathode sheath field and ionize the neutral gas. The discharge characteristics sensitively depend on the available number of initial SEs at the cathode [5] . As mentioned previously, it is not only ion induced SEE, there are some other non-ionic species also emitting SEs from cathode. This is depicted in figure 2 . Thus, it is evident that in a gas discharge, ions that are incident on the cathode act as a natural feedback element and feed its fraction of power in producing SEs and some portion of its kinetic power of SEs. Since the newly generated feedback SEs is added to the initial PEs and increase the population of electrons that undergoes avalanche breakdown, we take this feedback type as positive feedback. This is schematically shown in figure 3 . In the presence of sufficient positive feedback ( 0 E g ¹ ) the power of initial input electrons will be changed to
where P sec is the power acquired by SEs. The amount of power fed back to the SEs by the ion can be written in terms of ion power at cathode as [13]
Here, the contribution of non ionic species that results from the ion to P sec is in-built in the value of E g . Therefore, equation (4) can be written as
In a fully developed glow and abnormal discharge almost the entire applied voltage and electric field are confined within the cathode sheath itself [14] . Therefore, the electron avalanche distance d has to be replaced by sheath distance d 0 . Hence, the factor β should be redefined as
writing P i C ¢ | in terms of b¢, equation (6) can be modified as
Rearranging equation (7) we get
This equation gives the effective power of input electrons that heat the gas. Multiplying equation (8) by the ion power multiplication factor b¢ for the total ion power component at the cathode with feedback
Rearranging this equation we get
Here, A f denotes the ratio of ion power at cathode to the power of initial PEs, it can be called a closed loop ion power gain (CLIPG) in gas discharge. It is clear from the above expression that P i C ¢ | depends on E g significantly. Equation (10) is similar to the expression of gain of a closed loop positive feedback amplifier [7] . In both cases i.e ( 0 E g = ) and ( 0 E g ¹ ) the value of P 0 is remain same. If we produce discharge for different cathodes which has a different E g value under identical operating condition the α value will also be approximately the same. Hence, P i C ¢ | value will largely depend on the P sec value alone. In addition, the value of P sec has control over almost all the discharge parameters.
As mentioned earlier, in glow discharges the feedback power is associated with secondary electrons ejected from the cathode. If the value of E g is increased fractionally when the total discharge power is maintained constantly, then it results in a large increase in the total number of electrons at the cathode surface that gain sufficient energy within the cathode sheath to cause excitation and ionization of the background gas at plasma sheath boundary. Consequently, this increased electron flux enhances the ionization fraction of the gas and as a result plasma density increases, further this causes enhancement in excitation of background gas which improves the luminescence of the discharge. On the other hand, it reduces the fraction of power influx carried by ions and hence the saturation temperature of the cathode. Sheath thickness and other properties also depend on E g value. Thus the feedback power via secondary electrons influences almost all the characteristics of the discharges. Therefore, we carried out the experiment to investigate the positive feedback nature of ions incident on the cathode and its effect on the discharge parameters such as P i C ¢ | , discharge current, plasma density, total power P T and breakdown voltage and that is discussed elaborately in the next section.
Experiment
We choose three different cathode materials of W, Cu and brass having different E g values of 0.27, 0.31 and 0.34 which are found from the breakdown voltage measurements. All three cathodes are designed to have almost same dimension (total surface area : 3.6 10 3 -m 2 ) so that when used as a cathode its contribution to discharge characteristics are the same other than E g value under identical operating conditions. Figure 4 shows the schematic of the experimental setup used to calculate P i C ¢ | . The experiment is carried out in an unmagnetized grounded stainless steel chamber. The cathode is biased (V ) with −600 V with respect to the chamber. The discharge is produced for Ar gas at a pressure of 0.45 mbar.
To record the temporal temperature profile of the cathode, we mount it on a k-type thermocouple (TC). The distance (d) between the anode and cathode is maintained at 15 cm. The discharge current (I) is measured across the current limiting resistor (R) of 100 Ω. Ions from plasma crossing the plasmasheath boundary accelerate via sheath and dump its energy on the cathode. The kinetic energy of ions and active non-ionic species incident on the cathode raise its temperature. As soon as discharge strikes, the temperature of the cathode begins to rise and after sufficient time, it saturates. At this saturation temperature, the power influx is balanced by the total power out-fluxes and hence the temperature of the cathode remains constant. Once the bias is removed, the temperature of the cathode starts to reduce. Therefore, it is possible to obtain the value of P i C ¢ | from the temporal temperature profile of cathode. The temporal temperature profile of all cathode is shown in figure 5 . Among the three different cathode material brass (540 K) has the highest saturation temperature and W (477 K) has the lowest saturation temperature. The power carried by ions to the cathode surfaces of W, Cu and brass is respectively 4.28 W, 6.87 W and 9.26 W and is found to increase uniformly. However, the temperature difference between the cathodes of W and Cu is much significant than that between the cathodes of Cu and brass, as shown in figure 5 . The difference in saturation temperature is mainly because of differences in mass of cathodes. The mass of W and Cu is 35 g and power influx is 4.28 W and 6.87 W, therefore, the saturation temperature differ by 43 K. On the other hand, the power influx for the brass cathode is 9.26 W and its mass is 47 g. Therefore, the saturation temperature difference is only 20 K. Calculation of P i C ¢ | from the temporal temperature profile is discussed subsequently.
Results and discussions
The temporal temperature profile of these three different cathode material shows significant differences in slope and saturation point. This observed differences are mainly attributed by two facts. One is differences in material properties of cathodes and the other is differences in the amount of power dumped on cathode by ion and non-ionic cathode directed species due to the differences in amount of feedback power. By carefully taking into account the material properties in the calculation, one can evaluate the P i C ¢ | for these cathodes. The slope at a particular temperature say T i in temporal temperature profile during heating cycle accounts both power influx from plasma to cathode and power outflux from cathode to surrounding. The slope taken during the cathode cooling cycle in the absence of cathode bias (V = 0) gives only the power outflux at T i from the cathode to surrounding. Therefore, using the value of slopes, we can estimate the power deposited on the cathode P i C ¢ | by ions by the following Figure 4 . Schematic of the DC gas discharge setup used for the calculation of P i C ¢| . .87 W and 9.26 W. This differences in output power i.e P i C ¢ | for these cathodes arise due to the differences in amount of feedback power given by ions. Multiplication of E g with their respective P i C ¢ | gives the fraction of feedback power given to SEs by ion. The calculated value of feedback power is 1.11 W, 2.13 W and 3.15 W respectively for W, Cu and brass cathodes. The higher the value of feedback power, the higher the P i C ¢ | at the cathode. Further, feedback increases the discharge current, plasma density, cathode saturation temperature and total power across the discharge (P V I T =´) [11, 14] at the same time it decreases the breakdown voltage (V b ). Moreover, it is also clear from table 1 that a major portion of the total power is simply wasted in heating the cathode and only a minor portion is utilized in production of SEs.
The power gained by ions (P i C | ) at cathode without feedback does not depend on any material properties and it depends only the parameters such as Townsend's first ionization constant (α) and reduced field strength E p ( , where, E is the electric field strength and p is the operating gas pressure). On the other hand, in a self sustained discharge (feedback case) P i C ¢ | additionally depends on material properties also.
For the cathode directed species in plasma, each cathode responds differently according to its material properties. Considering SEE due to ion incident on the cathode, the necessary condition to emit feedback SEs is that 2 i    f [16] [15, 17] which is directly proportional to feedback power to SEs by ion and that is in agreement with the obtained results. Therefore, it is evident that the feedback power for a metal cathode does not merely depend on  f but also the value of f  . The higher the value of , f  the higher the density of exited conduction band electrons and hence it increases the probability of electrons to be emitted by the incident cathode directed species [17] .
The positive feedback mechanism discussed here may be applied to Ne-Xe discharge used in plasma display technology. The low luminous efficacy of plasma displays is one of the main drawbacks in comparison to the competing display technology. The estimated value of luminous efficacy is about 1.0 lm/W of commercially available plasma TV for 0.5 E g = . If the value of feedback power is increased fractionally, i.e. 0.6, E g = it would result in a 90% increase in luminous efficacy.
Conclusions
In summary, the present investigation gives a clear insight into the feedback nature of ion incident on the cathode surface. Using the feedback theory of the amplifier, an analytic expression which relates the power gained by ion at cathode and E g of the cathode for typical DC gas discharges is derived. This study reveals that feedback given by ions in the form of SEs in gas discharge is of positive feedback type. The amount of feedback power by ion to SEs is controlled by the E g of cathode material which is also a function of the operating condition. Further, we found, the feedback power not only affects the P i C ¢ | value but also the entire characteristics of the discharge. In addition, this feedback aspect investigation of SEE by ions shows that, in a DC gas discharge, a major portion of P i C ¢ | is simply wasted in heating the cathode. We also noticed that the amount of feedback power also depends on the material properties of cathodes such as work function and fermi energy. 
